ABSTRACT We tested compounds found in honey bee, Apis mellifera L., sting alarm pheromone for their roles in releasing behavioral responses, with a focus on the relative importance of chemotaxis and motion of the target in the localization response. Some compounds in the blend have specialized functions. Benzyl acetate released only ßight behavior, whereas three compounds (1-butanol, 1-octanol, and hexyl acetate) caused only the recruitment response. Other compounds (1-hexanol, butyl acetate, iso-pentyl acetate, and 2-nonanol) acted in more than one behavioral context. Octyl acetate was the most effective compound in allowing bees to locate targets, but did not recruit or release ßight behavior. Stationary octyl acetate sources were located by ßying bees, indicating that this pheromone component elicits a chemotactic response. However, localization of a target is due primarily to the motion of the target; the alarm pheromone components release searching behavior for a moving object and are relatively unimportant in target localization.
AN IMPORTANT UNRESOLVED issue in understanding honey bee defensive responses is the possible role of the alarm pheromone in orienting bees to defensive targets. Alerted honey bees could orient by chemotaxis to enemies marked by sting alarm pheromone (Boch et al. 1962 , Gary 1975 , Winston 1987 . Alternatively, alerted bees may target movement and not use chemodirectional information (Free 1961, Ghent and Gary 1962) .
The question of the speciÞc role of alarm pheromone in target localization Þts into a larger picture of understanding the functions of multicomponent pheromones. The honey bee sting alarm pheromone contains more than 20 compounds, although fewer than half of them are active in releasing defensive behavior in honey bee workers (Boch et al. 1962; Blum et al. 1978; Blum 1982 Blum , 1984 Pickett et al. 1982; Collins and Blum 1983 ; reviewed by Free 1987) . Sting alarm pheromone components have been tested for their roles in alerting worker bees (Collins 1981; Collins and Blum 1982, 1983) and releasing stinging behavior (Free et al. 1983 Al-SaÕad et al. 1987) . However, the role of each component in the blend in the organization of the defensive response (recruitment, ßight, orientation) is not well understood. Our elucidation of these roles helps us to reÞne hypotheses regarding the evolution of this multicomponent blend.
The defensive response is usually initiated by guard bees, which patrol the nest entrance and are the Þrst line of colony defenders (Moore et al. 1987) . Sting deposition releases alarm pheromone, which causes a defensive response; alarm pheromone alerts individuals, increasing their locomotion (Collins and Kubasek 1982) and recruiting bees from the interior of the colony to the exterior (Boch et al. 1962 , Collins and Kubasek 1982 , Collins and Blum 1983 . Alarm pheromone may also be released by guards before stinging. Bees are then attracted to the source of the disturbance by chemical or visual cues. Certain characteristics of the intruder, including movement, odor, and color, may facilitate localization of the target by a defending bee (Free 1987; Free et al. 1989) .
In a previous attempt to partition the behavioral roles of the alarm pheromone components, Free et al. (1983 Free et al. ( , 1985 found that some compounds attract whereas others repel bees. The Free et al. (1983) Þndings demonstrate many of the difÞculties of working with highly volatile pheromones; concentration may determine whether a compound is attractive or repellent, and concentration is very difÞcult to control. Free et al. (1983) appropriately tested generalized behavioral responses to alarm pheromones but did not adequately test the hypothesis that alarm pheromone gives orientational information to bees.
Of the alarm pheromone components, iso-pentyl acetate (IPA, also called iso-amyl acetate) is the best known. Collins et al. (1989) found positive correlations between levels of IPA and defensive behavior in the Þeld (number of stings) and in laboratory tests, Lensky et al. (1995) found that increasing levels of stinging responses of isolated bees corresponds to the concentration of IPA used for stimulation.
If IPA alone seems to account for much of the honey bee alarm response, then why has such a complex pheromonal mixture evolved? Multicomponent signaling systems, such as honey bee alarm pheromone, are common among animals. The seemingly redundant information in complex signals helps animals to segregate false messages, such as pheromones from other species, from relevant signals. For social animals, complex signals may help in coordinating group actions, in which different animals are responsible for various aspects of the group response. The hypothesis that the honey bee alarm pheromone has this type of coordinating function underlies our experimental approach.
Here, we report results concerning three responses to sting alarm pheromone: recruitment, locomotion, and localization. Our primary focus was on the previously unresolved localization hypothesis; we tested the ability of bees to locate each of 11 alarm pheromone components, as well as stings, in a t-maze. We also assessed relative importance of motion and pheromone in attracting defensive bees.
Materials and Methods
Recruitment. The number of bees outside the hive, on the entrance board and ßying near the entrance, is an index of the magnitude of alarm response in honey bees (Collins and Kubasek 1982) . We photographically recorded alarm recruitment following Collins and KubasekÕs (1982) methods. The following alarm pheromone components were tested, as well as entire stings: IPA, 1-hexanol, octyl acetate, butyl acetate, 2-methyl-l-butanol, 3-methyl-1-butanol, 1-butanol, 1-octanol, hexyl acetate, 2-nonanol, and benzyl acetate. A cotton-ball with no pheromone was placed on the entrance to the hive (control). After 60 s, a photograph was taken with a D-300L Olympus Digital Camera. Then 0.1 ml of the compound, a large enough quantity to ensure olfactory exposure of the bee, was placed on the cotton-ball, and after 60 s, another photograph was taken. Five colonies were tested, each twice for each compound. Repeated tests on colonies were separated by at least 2 d, to avoid carryover effects among tests. Although the repeated tests were not independent, with regard to possible genetic effects on responsiveness, they are independent tests of the hypothesis that bees in this population respond to each alarm pheromone. The number of bees present in each of the photographs was recorded and the results were analyzed with a paired t-test for equality of means.
Flight. Flight activity of isolated bees was measured in an assay for rate of movement. A single bee was placed in a glass chamber (30 by 45 by 75 cm) with a line on center of the lid. A cotton-ball with 0.1 ml of the compound was placed in the center of the container. The control was identical except a clean cotton-ball was placed in the center of the container. The chamber was thoroughly ßushed with fresh air between replicates. In each replicate we recorded the number of times a guard bee crossed the line, ßying, in 60 s. Ten bees were used for each compound, as well as the control; the results were analyzed with a paired t-test for equality of means.
Localization. Two bioassays tested the orientation of bees to each compound. First, single guard bees were placed in a T-shaped tube 22.5 cm across the top with a 7.5 cm long stem made from 3-cm-diameter clear plastic tubing. Each compound was presented by exposing a small droplet at the tip of a 1.0-ml syringe. Water was presented similarly as a control in the other arm. The compound diffused down the long axis of the tube. A cork was placed on the entrance to prevent the bee from exiting without choosing either of the two arms. Because of the possible confounding effect of footprint pheromones (marking compounds putatively left by bees when they walk; Free 1987), the tubes were thoroughly cleaned with solvents after each test. We analyzed, using chi-square tests, whether or not the bees exited toward the compound more often than away from the compound. Thirty bees were tested for each of the components.
In the second bioassay we investigated the interaction between motion of a target and orientation to pheromone in the Þeld. A compound (0.1 ml) was presented to the bees on a stationary cotton-ball suspended from a 34-cm rod near to (within 1 m) a colony entrance. A clean cotton-ball, 65 cm from this target, was set in motion on a 34-cm pendulum. Localization was deÞned as a bee landing on the cotton-ball or coming within 2.5 cm of the cotton-ball during ßight. The number of times that bees localized to each target was recorded for 5 min. Three trials were performed for each compound. Five trials, using the same method, tested the compound on the moving rather than the stationary target. A sting (removed from a bee and immediately presented on the apparatus) was used as a positive control in this experiment.
Results
Recruitment. Seven of the 10 compounds induced signiÞcantly more bees to exit the colony. These compounds were IPA, butyl acetate, 1-hexanol, 1-butanol, 1-octanol, hexyl acetate, and 2-nonanol (Table 1) .
Flight. Three compounds, IPA, 2-nonanol, and benzyl acetate, caused signiÞcantly different levels of ßight activity when compared with controls (Table 2) . The mean number of bees before and after a pheromone treatment on the entrance board (10 replicates, two at each of Þve colonies); control and treatment means are compared using a paired t-test; NS, not signiÞcant.
Of these, only IPA induced a higher level of ßight activity; 2-nonanol, and benzyl acetate signiÞcantly inhibited ßight. We observed no localization to the odor source in the replicates in which ßight activity was inhibited; the bees did not land on or near the odor source.
Localization. In the t-tube tests, one compound, 2-nonanol signiÞcantly repelled bees ( 2 ϭ 8.53, df ϭ 2, P ϭ 0.0031). None of the compounds tested using this method produced signiÞcant attraction, nor was there a signiÞcant attraction to an isolated sting presented in the same fashion.
In the Þeld tests, only octyl acetate attracted bees when placed on the stationary target (Fig. 1A) . Some of the compounds on the stationary target, such as butyl acetate, actually induced more bees to approach the moving target than the stationary target. Five of the 10 compounds (iso-pentyl acetate, 1-hexanol, octyl acetate, n-pentyl acetate, butyl acetate), when placed on the moving target, induced a signiÞcant degree of localization, as did a sting (Fig. 1B) .
Discussion
The major functions of honey bee alarm pheromone in colony defense are increasing ßight activity (IPA), recruiting bees from the interior of the colony (IPA, butyl acetate, 1-hexanol, 1-butanol, 1-octanol, hexyl acetate, and 2-nonanol), and enhancing response to moving objects (IPA, 1-hexanol, octyl acetate, n-pentyl acetate, butyl acetate). Only 2-nonanol gave orientational information in the t-tube apparatus, and only octyl acetate was attractive to bees when not combined with motion. Single stings did not provide localization information in either bioassay.
We conclude that the primary orientational role of alarm pheromone is to alert bees and attract them to moving objects (or animals) and that it is probably inaccurate to assert a primary role for localization through chemotaxis for alarm pheromone. Our data clearly support the argument that motion is an important additional orientational stimulus (Free 1961, Collins and Kubasek 1982) .
Our recruitment test results are largely in agreement with the most important previous studies on this topic (Collins and Kubasek 1982 , Collins and Blum 1983 , Moritz et al. 1985 . Our study, as well as Collins and Blum (1983) , showed a strong alarm response, marked by an increase in numbers of bees responding, caused by 1-hexanol, compared with intermediate responses from IPA and 1-butanol. Free (1987, p. 138) summarized his conclusions concerning the functions of the alarm pheromone (1) isopentyl acetate, (2) 1-hexanol, (3) octyl acetate, (4) butyl acetate, (5) 3-methyl-1-butanol, (6) 1-butanol, (7) 1-octanol, (8) 2-methyl-1-butanol, (9) hexyl acetate, (10) 2-nonanol, (11) benzyl acetate, (12) control, (13) sting apparatus.
components from the mandibular glands and the sting. Although most of the functions he considers are related to foraging and scenting, two parameters correspond to the tests for ßight and recruitment performed in this study. The results of our study correspond with his Þndings. However, butyl acetate, hexyl acetate, and octyl acetate, shown by Free (1987) to be significant activators of caged bees, did not induce significant increase of ßight by an isolated bee in our study. Perhaps their role is in other aspects of the alarm response, rather than induction of higher levels of ßight activity.
Despite the presence of some response speciÞcity in our data, most of the compounds that we tested were active in more than one behavioral category, and we conclude that there is no well-deÞned division of functions among the compounds in this multicomponent pheromone (Table 3) . One component that we did not test, (Z)-11-eicosen-1-ol (Pickett et al. 1982) is much less volatile than those that we tested. Although previous tests of the role of eicosenol do not suggest an arrestant role for that compound, it would be interesting in future work to pursue the possibility that a subset of compounds, perhaps including 2-nonanol, benzyl acetate, and eicosenol have an arrestant (rather than an orientational) function.
Do our results help us to understand the roles of multicomponent signals in segregating irrelevant from relevant signals (through redundancy) and in coordinating social responses? Clearly, there is considerable redundancy in the responses we observed, with a large number of compounds being active in recruitment and a similar number being active in stimulating visual localization. However, the individual compounds elicit strong responses even when not presented in the context of the blend. We do not reject the idea that redundancy in multicomponent signals may reduce the risk of a false response, but in the case of honey bee alarm pheromone other explanations of signal redundancy may be needed. The differentiation among chemicals in the type of response elicited points to social coordination as a possible important function of this multicomponent pheromone.
Finally, although individual sting pheromone components may stimulate speciÞc behaviors, this does not necessarily eliminate the apparently inactive compounds as important functional components in the pheromone complex. They may have synergistic functions or speciÞc combinations of compounds may induce speciÞc behaviors. The number of compounds and their many possible effects make this an exceedingly complex system.
